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Available online 27 April 2016Wedevised a ﬂexible pinpoint electrolysis unit employing a boron-doped diamond powder (BDDP)-based poly-
mer composite for use in dental treatment. Ametalwire surface (the anode)was coated by the BDDP-based poly-
mer composite comprising BDDPand a 20%Naﬁon®dispersion at amixing ratio of 2/1 (w/w). A Pt ribbonwith an
ion-exchange membrane was spirally wound around the metal wire's surface for use as the cathode. When a di-
rect current voltage was applied between the anode and cathode in water, ozone and oxidative intermediates
were generated. The unit showed almost the same sterilization ability as obtained by 1 wt% aqueous NaOCl in
an in vitro assessment of the root canals of human teeth. Moreover, the BDDP-based polymer composite has ex-
cellent durability, hardly cracking or peeling, evenwith repeated bending during electrolysis.We believe that our
work will enable the development of a practical unit for dental treatment.







If you have ever had a cavity that reached the tooth pulp, you may
have experienced the removal of the dead, infected material from the
root canal with dental instruments, followed by sterilization with
NaOCl. Sometimes, however, conventional “root-canal therapy” cannot
remove all the bacteria, and those that remain can cause not only
periapical periodontitis but also serious health issues, including cancers.
Recently, ozone has attracted attention as a useful tool for dental treat-
ment [1–4]. Although laboratory studies have suggested the potential of
ozone in dentistry, its use has not been fully realized in clinical studies to
date. Recently, we reported a pinpoint electrolysis unit with microelec-
trode coated by a polycrystalline boron-doped diamond (BDD) ﬁlm and
its possible application in dental treatments such as root canal steriliza-
tion [5]. However, the BDD ﬁlm was inﬂexible and easily peeled from
substrates, and BDD electrodes were relatively expensive. Therefore,
BDD ﬁlms are not practicable.ence and Technology, 407 East
-ku, Kawasaki City, Kanagawa
. This is an open access article underHerein, we propose an effective dental treatment that uses a ﬂexible
pinpoint electrolysis unit based on a BDDP-polymer composite.We pre-
pared a new material paste containing mixed BDD powders [6] and
polymers that can be painted on any surface/substrate to form an elec-
trode. Thus, instead of a solid BDD electrode, a surface painted with the
new BDD paste can be used for dental treatment.
2. Materials and methods
2.1. Fabrication of the electrolysis unit
A schematic of the fabrication method is shown in Scheme 1. BDDP
was prepared by depositing BDD onto the surface of natural diamond
powder (particle diameter b500 nm). The detailed experimental condi-
tions have been previously reported [6]. BDDP and an ion-exchange
polymer dispersion (20 wt% Naﬁon®, Aldrich) were mixed in a ratio
of 2/1 (w/w). A Ti wire (0.2 mm diameter, Nilaco) or a conventional
dental instrument (#80 K-ﬁle, Mani Inc., Tochigi, Japan) was used as
the base material for coating by the BDDP/polymer composite. Then, a
Pt ribbon (0.5 mm wide, 0.02 mm thick, Nilaco, Tokyo, Japan) with an
ion-exchange membrane formed on one side by coating with 20 wt%
Naﬁon was spirally wound around the BDDP/polymer composite sur-
face so that the ion-exchange membrane was trapped by the ribbon.the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Scheme 1. Fabrication method for the ﬂexible pinpoint electrolysis unit using a BDDP/polymer composite.
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terial and Pt ribbon in the root canal, ozone and oxidative intermediates
were electrolytically generated.2.2. In vitro assessment of the unit for dental treatment
Bioﬁlms of Porphyromonas gingivalis (P. gingivalis) were formed in
the root canals of extracted bovine teeth. After prewashing,
0.05–0.1 mL phosphate buffered saline (PBS) (pH = 7) was poured
into the root canal to obtain an ideal in vitro environment. After
performing electrolysis for 30–120 s with the electrolysis unit (ca.
5 mm insertion depth), cell viability was checked by cultivation assay
[4] and scanning electron microscopy (SEM). For comparison, positive
control roots (conventional 1 wt% aqueous NaOCl treatment) and nega-
tive control roots (treated with PBS only) were used.3. Results and discussion
3.1. Characterization of the electrolysis unit with the BDDP/polymer
composite
The electrolysis unit, designed with reference to the electrolytic
water-ejecting apparatus reported by Kitaori et al. [7], was examined
by SEM (Fig. 1a). A Pt ribbon with an ion-exchange membrane (total
thickness, ca. 0.04 mm; width, 0.5 mm) was spirally wound around
the BDDP/polymer composite surface to join the anode, membrane,
and cathode (Fig. 1a and b). Use of the 2:1w/w BDDP/polymer compos-
ite resulted in a dense and uniform BDDP ﬁlm surface. Individual BDDPsare shown in the magniﬁed SEM images (Fig. 1c); these are deposited
densely and continuously on the electrode surface.
When a DC voltage is applied between the anode and cathode in
water, electrolytic water decomposition occurs as follows [8]:
anode (BDDP/polymer composite): 3H2O→ O3 + 6H+ + 6e−
cathode (Pt): 6H+ + 6e−→ 3H2
Besides the electrolytically yielded ozone, OH radicals and oxida-
tive intermediates are also generated at the BDD electrode. If salts
are present in the water, other oxidants can also be formed electro-
lytically (e.g., NaOCl can be generated in a NaCl solution). The disin-
fection effects of these species can be synergistically utilized in
dental treatments [9–11].
The Supplementary Movie in the online version at http://dx.doi.org/
10.1016/j.elecom.2016.04.011. shows the electrolysis of an isotonic
NaCl solution containing 0.1 mM methylene blue (1.5 mL, pH = 2)
using the unit driven by a 9-V battery. Under these electrolysis condi-
tions, the color of the solution completely disappears after 1 min. The
BDDP/polymer composite has excellent durability, and hardly cracks
or peels, even when repeatedly bent during electrolysis. One of the au-
thors (TK) reported the preparation of a BDDP ink comprising BDDP and
a polyester resin in 2-butanone and isophorone, for screen-printing di-
amond electrodes [6]. However, those electrodes were unstable during
electrolysis at 2.5 V or more positive voltages. Therefore, the present
fabrication method is more facile and useful for electrochemical
applications.
Fig. 1. SEM images: (a) Electrolysis unit employing the BDDP/polymer composite. (b) Membrane electrode assembly with the Pt ribbon (left, white layer), ion-exchange membrane
(middle, gray layer), and BDDP/polymer composite surface (right, black layer). (c) BDDP/polymer composite surface.
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Fig. 2a shows a picture of a typical root canal in a bovine toothwith a
diameter of several millimeters. Bioﬁlm formation by P. gingivalis was
conﬁrmedby the SEM image of the selected roots ﬁxed in formaldehyde
(Fig. 2b). SEM examination of the negative control roots (treated with
PBS only) conﬁrmed that dense bioﬁlms were present in the canals
after both 30 s (Fig. 2c) and 120 s (Fig. 2d) of treatment. In contrast,
SEM examination of the positive control roots (treated with 1%
NaOCl) and the roots treated by the electrolysis unit conﬁrmed that
the bioﬁlms were nearly completely removed over the same treatment
time (Fig. 2e–h). Similar results were obtained by the cultivation assay
(Fig. 3). A signiﬁcant difference was observed among the threeFig. 2. (a) Picture of a typical root canal of a bovine tooth. (b) SEM image of the Porphyromon
treatment with (c), (d) PBS (negative control); (e), (f) 1% NaOCl (positive control); and (g), (h
of the unit), respectively.treatment groups. In the positive control group, exposure to 1% NaOCl
for 120 s produced a 99.5 ± 0.2% reduction in viable colony forming
units compared with that in the negative control (32.2 ± 16.0% reduc-
tion), whereas treatment by the electrolysis unit produced a 99.3 ±
1.1% reduction.
These results show that the electrochemically generated NaOCl and
ozone-enriched gas bubbled into the saline exhibit antimicrobial activ-
ity against an established bioﬁlm (slime-enclosed aggregates with bac-
teria). This positive result is related to the treatment of a root canal with
ozone gas and passive ultrasound activation, as reported by Case et al.
[4]. They concluded that ozone gas delivered into the root canal may
be useful; however, none of the treatment regimens could reliably ster-
ilize the canals under such conditions.as gingivalis bioﬁlm in the root canal. SEM images of the root canal after 30 s and 120 s
) the electrolysis unit (under potentiostatic conditions with 7.5 V of the terminal voltage
Fig. 3. Survival rate of Porphyromonas gingivalis in the cultivation assay. Blue: negative
control (treated with PBS only); green: positive control (treated with 1% NaOCl); red:
treatment with the unit (under potentiostatic conditions with 7.5 V of the terminal
voltage of the unit).
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extracted human teeth with bioﬁlms of Enterococcus faecalis. Fig. 4a
shows a picture of a typical root canal of a human tooth with a diam-
eter of several hundred micrometers. Bioﬁlm formation by E. faecalis
was conﬁrmed by the SEM analysis of selected roots ﬁxed in formal-
dehyde (Fig. 4b). SEM examination of both the positive control roots
and the roots treated by the unit (a Ti wire of 0.2 mm diameter was
used as the base material) conﬁrmed that the bioﬁlm was nearly
completely removed over the same treatment time (15 s, Fig. 4c
and d). Electrolysis by the unit showed almost the same sterilization
ability as the conventional treatment in the in vitro assessment of the
root canals of human teeth. The unit demonstrated effective
treatment capability, despite the differences between bovine andFig. 4. (a) Picture of a typical root canal of a human tooth. SEM images of: (b) the bioﬁlm of En
(positive control); and (d) the root canal after 15 s treatment with the unit (under potentiostahuman teeth, or the bacteria species (Gram-positive or Gram-
negative). In contrast to the conventional treatment (up to ~10%
NaClO), which is known to decalcify dentin and expose collagen tis-
sues, the SEM images suggest that electrolysis does not cause any
damage to the root-canal surface, although it is able to generate an
appropriate amount of reactive oxygen species in the targeted area.
Moreover, the unit is highly durable and hardly shows any cracks
or peeling, even in the narrow and twisted root canals of human
teeth.4. Conclusions
A ﬂexible electrolysis unit based on a BDDP-based polymer compos-
ite was prepared for use in dental treatment. The composite shows ex-
cellent durability and does not crack or peel, even when repeatedly
bent during electrolysis. The unit shows almost the same sterilization
ability as the conventional 1wt% aqueousNaOCl treatment in in vitro as-
sessments of root canals. Thus, compared to conventional and other re-
ported treatment methods, the ability of the electrolysis unit to
generate high concentrations of locally active oxygen species suggests
its effective application in dental treatments.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.elecom.2016.04.011.Acknowledgments
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